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The binary iron--selenium system was investigated by thermoanalytical 
and isopiestic methods and by X-ray analysis. Combining all results a 
temperature-concentration diagram was constructed from 20 to 66 a t ~  Se and 
between 623 and 1,373 K. Two compounds and several NiAs-related structures 
could be identified. Tetragonal ~-FeSe with a narrow stabili ty range between 
49.0 and 49.4 a t ~  Se at  653 K decomposes by a peritectoid reaction at  730 K. 
The NiAs-related structures Fel_xSe have a wide range of homogeneity from 
51.5 to 58.5 a t ~  Se at 823 K. The iron-rich hexagonal ~-phase extends from 51.5 
to 54 .3a t~Se ,  and transforms to a high temperature modification ~' of 
unknown structure with a maximum transformation temperature of 1,338 K at 
52.8 a t ~  Se. The congruent melting point of the ~'-phase is located at  1,351 K 
and 52.0 a t ~  Se. At  ~ 54 a t ~  Se the ~-phase undergoes a k-transformation to 
the monoclinic ~l'-phase which is stable between 54.3 and 54.6 a t ~  Se. Between 
54.6 and 56.4 a t ~  Se two very similar monoclinic phases coexist: the y'- and the 
y-phase with similar a- and b-axes but a simple c'- and a double c-axis, resp. 
Between 56.4 and 58 .5a t~Se  the y-phase is stable. Orthorhombic ~-FeS% 
(marcasite structure) with a very narrow range of homogeneity at  66.6 a t ~  Se 
decomposes peritectically at  858K. On the iron-rich side there are three 
invariant equilibria at  high temperatures:  a monotectic at 1,234K and 
46.5 at~o Se, a eutectic at  1,215 K and 5.5 a t ~  Se, and a eutectoid at  1,149 K. On 
the selenium-rich side there is a eutectoid at  1,122 K, a monotectic at  1,068 K 
and 71 .5a t~  Se, and a peritectic at  1,001 K. 

(Keywords: Chalcogen systems; Iron--selenium; Phase diagram, Fe- -Se )  

~bergangsmetall--Chalcogen-Systeme, 7. Mitt.: 
Das Eisen--Selen-Phasen-Diagramm 

Das Zweistoffsystem Eisen--Selen wurde thermisch, r6ntgenographisch 
und isopiestisch untersucht. )ius den Ergebnissen konnte das T-x-Zustands- 
diagramm ffir den Bereich yon 20 bis 66 At~o Se und yon 623 bis 1 373 K erstellt 
werden. Zwei Verbindungen und einige NiAs-~hnliche Strukturen konnten 
identifiziert werden. Die tetragonMe ~-Phase FeSe besitzt bei 653K eine 
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schmale Phasenbreite yon 49~0 bis 49,4 At~  Se und zerfs peritektoidisch bei 
730 K. Die NiAs-~hnlichcn Strukturen Fel_xSe haben bei 823 K einen breiten 
Homogenit~tsbereich von 51,5 bis 58,5At~oSe. Die eisenreiche hexagonale 
3-Phase reicht von 51,5 bis 54,3At~oSe und wandelt sich bei 1338K und 
52,8At~oSe in eine Hoehtemperaturmodifikation mit unbekannter Struktur, 
die 3'-Phase, urn, deren kongruenter Schmelzpunkt bei 52,0 At~ Se und 1351 K 
liegt. Bei etwa 54 At~o Se geht das hexagonale Gitter infolge einer ~-Umwand- 
lung in die monokline ~'-Phase fiber, welche yon 54,3 bis 54,6At~oSe reicht. 
Zwischen 54,6 und 56,4At~Se liegt ein Zweiphasengebiet yon zwei sehr 
s monoklinen Phasen : die ~,'- und die ~(-Phase mit ~hnlichen a- und b- 
Parametern, aber einfacher c'- bzw. doppelter c-Achse. Die monokline ~,-Phase 
befindet sich zwisehen 56,4 und 58,5At~Se. Die orthorhombische z-Phase 
FeSe2 mit Markasitstruktur mit einem sehr engen Homogenit~tsbereich bei 
66,6 At~o Se zerf~llt pcritektisch bei 858 K. An der eisenreichen Seite gibt es bei 
hSheren Temperaturen drei invariante Gleichgewichte: ein Eutektikum bei 
5,5 At~ Se und 1 215 K, ein Monotektikum bei 46,5 At~o Se und 1234 K und ein 
Eutektoid bei 1 149 K. An der selenreichen Seite existiert bei 71,5 At~o Se und 
1068K ein Monotektikum, bei 1 122K ein Eutektoid und bei 1001K ein 
Peritektikum. 

Introduction 

In  continuation of previous work on transit ion meta l - -chalcogen 
systems I 10 thermoanalyt ical ,  X-ray,  and isopiestic investigations were 
carried out in the binary i ron--selenium system. 

In  one of the first studies Hdgg and Kindstr6m 11 described two types 
of structures : a te tragonal  phase FeSe with PbO-st ructure  and a NiAs- 
related phase with a wide range of homogeneity showing a transfor- 
mation from hexagonal to monoclinic symmetry .  A third compound, 
FeS%, has according to Tengnir 12 the orthorhombic marcasi te  struc- 
ture. Invest igat ions by Haraldsen and Grr 13 confirmed the exis- 
tence of these three phases and their stabil i ty ranges. According to 
these earlier investigations three compounds with different structures 
are present in the i ron--selenium system: 

1. The tetragonal  monoselenide, Fel.04Se (49.02 at~o Se) with addi- 
tional iron a toms on interstitial lattice sites, with the PbO-st ructure  
(B 10-type). The lattice parameters  of this phase were determined by 
Hiigg and KindstrSm 11, Gr~mvold 14, and Reddy and Chetty 15. Tetragonal  
Fel.0aSe transforms by  a peritectoid reaction into the NiAs-structure 
according to Hdgg and KindstrSm11, TrSften and Kullerud 16, and 
Kullerud 17 at  300 ~ to 600 ~ 335 ~ and 380 ~ resp. Alloys which were 
quenched from tempera tures  slightly below the melting point still 
contained the te tragonal  phase together  with the NiAs-phase as shown 
by X-ray  studies of Reddy and Chetty 15 and of Gorokh etal .  is. 
Measurements of heat  capaci ty  and high tempera ture  X- ray  studies by 
Gr~)nvold 14 established the t ransformat ion of the te tragonal  PbO-phase 
into a NiAs-related phase and iron by  a peritectoid reaction a t  457 ~ 
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Tsuj i  et al. 19 confirmed by Mds~'bauer spectroscopy the transformation 
temperature  with 458 ~ these authors assumed for Fel.0aSe on anti- 
PbO-structure.  

2. The phases with NiAs-related structure, described by the general 
formula Fel_~Se, have at 600 ~ a wide range of homogeneity between 

51 and ~ 59at~oSe. Compositions referred to FeTSes (53 .3a t~Se)  
have the hexagonal NiAs-structure, those expressed by F%Se4 
(57.1 a t ~  Se) show monoclinic deformation. Both variants of the NiAs- 
structure are characterized by iron vacancies. The lattice parameters of 
the Fel_xSe phase have been described in numerous publica- 
tions m, 14, 15, 20, 21 Hdigg and Kindstr6m n noticed in the entire range of 
the NiAs-related phases a steady decrease of the lattice parameters 
with increasing Se-concentration ; at 53 a t ~  Se the orthohexagonal cell 
became monoclinically distorted with a maximum deformation at 55 to 
5 6 a t ~ S e  which decreased again towards the phase boundary at 
57.5 at~oSe. In the hexagonal range of Fel_xSe (FevSes) the results of 
H~igg and KindstrSm 11 were confirmed by Grr 14, and Reddy and 
Chetty 15. 

For monoclinic Fel_xSe (F%Se4) Olcazaki and Hira]cawa 2o reported 
in difference to Hdigg and Kindstr6m m a doubling of the c axis of the 
monoclinical]y distorted lattice which can be explained by an ordering 
of the vacancies in every other metal atom layer parallel to the a b  
plane. These lattice parameters were confirmed by neutron diffraction 
studies of Andresen 21 while Reddy and Cherty 15 based their evaluation 
on the simple c-axis. Okaza]ci and Hira]cawa 2o and Olcazalci2~, 23 also 
investigated the structural changes of FeTSe8 at lower temperatures. 
Slowly cooled alloys showed below 240 ~ a triclinic superstructure of 
the NiAs-type with an ordered arrangement of iron vacancies characte- 
rized by a fourfold c-axis of the basic hexagonal lattice. This 4 c- or low 
temperature  structure transforms between 240 ~ and 298 ~ into still 
another  hexagonal superstructure, the 3 c- or high temperature  struc- 
ture, with a threefold c-axis of the basic hexagonal lattice. In the range 
between 360 ~ and 375 ~ another  rearrangement of the iron vacancies 
was assumed so that  above this temperature  only lines of the simple 
basic hexagonal lattice with some remaining lines of the 3c-super- 
structure were found. Structures of this kind are designated as NiAs- 
related structures; the ideal NiAs-structure is not  realized in the 
iron--selenium system. The ordered arrangement of iron vacancies of 
the hexagonal 3 c-superstructure was confirmed by neutron diffraction 
studies of Andresen and Leciejewicz 24 on specimens which were slowly 
cooled from 600 ~ 

Heat  capacities published by GrCnvold and Westrum 25 and by 
GrCnvold14, 26 show a temperature  dependence characteristic for X-type 
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Fig. 1. Iron--Selenium phase diagram (literature data), a Kullerud 17, 
b Dutrizac et, al. 2s, c Svendsen 27 

transformations. In  FeTSe s two x-transformations were found : one with 
a maximum of the heat capacity at  178 ~ was explained by the change 
from ferri- to paramagnetism, the other with a maximum at 365 ~ 
could be related to the structural transformation of the 3 c-super- 
structure into the basic hexagonal lattice as previously described 20. 
F%Se4 also exhibits two X-transitions : the first at  34 ~ was ascribed to 
a magnetic ordering process, the second at 704~ was caused by a 
structural change from ordered to disordered iron vacancies accom- 
panied by a change in symmetry  from monoclinic to hexagonal. The 
congruent melting point of the hexagonal Fel_xSe-phase was reported 
by Svendsen  2v to be 1,065 ~ at 53.6 at% Se. This value was confirmed 
by other authors 16,17,2s, 29 Kullerud17 described the existence of a high 
temperature modification of the hexagonal NiAs-related phase above 
872~ in the range between ~ 50 and 56at~/oSe. Dutr i zac  etal.  2s and 
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Svendsen ~7 also reported thermal arrests at 885 ~ and 872 ~ resp. 
According to Mann and van Vlack 3o the hexagonal Fel_xSe-phase 
transforms at 868 ~ into another  not further identified phase. 

3. FeSe2, the phase richest in selenium, has the marcasite (C 18-type) 
structure with a narrow range of homogeneity at 66.6 at~o Se. Latt ice 
parameters calculated by Tengi~er 1~ and Fischer 29 were confirmed by 
GrCnvotd and Westrum 31, Kjekshus et al. 32 and Reddy and Cherty 15. The 
incongruent melting point of FeSe2 at 585~ as reported by 
Svendsen2?, 33 was also found by other authors 16,17, 2s, 34, 35. Bither et al. 36 
described the high pressure-high temperature  synthesis of a FeSe2 
modification with pyri te structure. 

The first at temps to construct the binary iron--selenium phase 
diagram go back to Hirone et al. 37, and Hirone and Chiba 3s. Based on 
thermal, X-ray and magnetic measurements these authors tried to 
draw a partial phase diagram between 48.8 and 56.0at~oSe in the 
temperature  range from 100 ~ to 400"C. TrSften and Kullerud 16, and 
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Serre and Drui lhe  39 extended the temperature range up to the melting 
point of the NiAs-phase. Kul l e rud  17, Dutr izac  et al.a8 and Svendsen  27 

published more or less complete but  rather different versions of the 
iron--selenium phase diagram as can be seen in Fig. 1. The selenium- 
rich parts of the diagrams are very similar and show but minor 
deviations: the incongruent melting point of FeSe2, the X-trans- 
formation of F%Se4, the monotectic at  793 ~ and the congruent 
melting point of the Fel xSe-phase are in substantial agreement. Large 
discrepancies, however, are found in the region of the NiAs-phase 
Fel_xSe and in the iron-rich par t  of the phase diagram. 

In the present investigation the iron--selenium phase diagram was 
therefore studied to resolve these differences. The system was in- 
vestigated in detail between 20 and 66 at~o Se by X-ray analysis and 
thermoanatytical measurements. For the determination of phase bound- 
aries, especially in the range of the NiAs-related structures, isopiestie 
experiments were also employed. 
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Experimental Procedure 

As starting materials selenium shots (99.999~oSe, ASARCO, New York, 
U.S.A.), thin iron sheet (99.9~oFe, Ferrovac E, Vacuum Metals Corp., 
Syracuse, U.S.A.), and iron wire with a diameter of 0.2 mm (99.9~oFe, Allied 
Chemical Dye Corp., U.S.A.) were employed. The DTA- and X-ray specimens 
were prepared from the iron sheet, the iron wire was used for the isopiestic 
experiments. Sheet and wire were mechanically cleaned and degreased with 
acetone. Samples (3 to 5g) were weighed on a microbalance to within 
___ 0.05 nag, and placed into quartz capsules which were then evacuated to 10 -1 
to 10 2 Pa, flushed with Ti-gettered argon, and finally sealed under vacuum. 
The quartz-capsules were inserted into a larger quartz tube which was also 
sealed under vacuum to prevent oxidation of the specimens since selenides tend 
to crack the capsules on cooling. The encapsulated samples were then heated in 
an electric furnace at 1,000 ~ to 1,100~ for about 20 days. 

Specimens for X-ray analysis were comminuted, the powder heated in 
evacuated and sealed quartz capsules three to ten weeks at the desired 
temperature, and then quenched in ice water. X-ray measurements were made 
with a KristMloflex4 (Fa. Siemens, Karlsruhe, BRD) in Debye-Scherrer ca- 
meras with diameters of 57.29 and 114.58 mm using filtered Co-K~-radiation. 
For DTA-measurements a fully automated apparatus was available 1. Speci- 
mens ( ~  3g) and the reference metal (99.9~oCr) were sealed in thin-wMled 
quartz vessels with reentrant  nipples at the bottom for the thermocouple 
junctions. Temperature and temperature difference were measured with Pt /PV 
10~o l~h thermocouples which were calibrated at  the melting points of high 
puri ty Cd, Zn, Sb, and Ag. 

As the composition of the specimens the starting composition was taken. In 
several alloys the iron content was checked by complexometrie t i trat ion a0. The 
samples were dissolved in aqua regia, excess HN03 was removed by evapora- 
tion, and the resulting solution diluted with distilled water to a well-defined 
volume. To a measured par t  of the volume standard acetate buffer solution 
(pH = 4.62) was added to give a pH = 2.0, and the solution t i t ra ted with 
O.05M-EDTA with sulfosMicylic acid as indicator. The analytical results 
agreed with the nominal composition within +_ 0.5~o. 

Results and Discussion 

The  resul ts  of the  D T A - m e a s u r e m e n t s  are  l i s ted  in Tab .  1, phase  
bounda r i e s  o b t a i n e d  f rom isopies t ie  s tudies  41 are  shown in T a b . 2 .  
Using  the  d a t a  of  the  p re sen t  i nves t i ga t i on  and  resul ts  pub l i shed  b y  
o the r  au tho r s  t he  phase  d i a g r a m  in Fig .  2 was  cons t ruc ted .  To e luc ida te  
t he  c o m p l i c a t e d  phase  r e l a t i onsh ip  in the  midd le  p a r t  of  the  s y s t e m  an  
en la rged  p a r t i a l  d i a g r a m  for the  r ange  f rom 4:7.0 to  62.5 at~o Se wi th  the  
mos t  i m p o r t a n t  e x p e r i m e n t a l  po in t s  is p r e sen t ed  in F ig .  3. 

On the  i ron-r ich  side X~ray  ana lys i s  of  samples  f rom 25 to 49 at~o Se 
a t  653 K revea led  the  t w o - p h a s e  f ield of t e t r a g o n a l  }-FeSe and  ~-Fe. A t  
823 K }-FeSe was found  t o g e t h e r  wi th  hexagona l  8-Fel_xSe. Only  in a 
few X - r a y  f i lms lines of  ~-Fe  could  be d e t e c t e d  in a d d i t i o n  to  those  of  
t he  o the r  two phases .  I n  mos t  eases t he  t e t r a g o n a l  phase  t o g e t h e r  w i th  

75* 
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T a b l e  1. Thermal effects by DTA 

C o m p o s i t i o n  L i q u i d u s  S o l i d u s  I n v a r i a n t  a r r e s t s  

a t % S e  K K K 

7 5 0 h  2 0 . 0  - -  - -  1 2 3 4  1 2 1 3  1 1 4 8  . . . .  
6 6 7 c  

7 4 7  h 2 5 . 0  - -  1 2 3 5  1 2 1 5  1 1 4 9  . . . .  
6 7 4 c  

7 5 1  h 3 5 . 0  - -  1 2 3 4  1 2 1 5  1 1 4 8  . . . .  
6 7 5 c  

7 5 2 h  
4 7 . 0  1 2 5 1  - -  1 2 3 7  1 2 1 5  1 1 4 8  . . . .  

6 7 4 c  

7 4 8 h  
4 8 . 0  1 2 7 7  1 2 3 5  1 2 1 5  1 1 4 7  . . . .  

6 7 3 c  

7 4 8  h 
4 8 . 5  1 2 8 5  - -  1 2 3 3  1 2 1 6  1 1 4 9  . . . .  

6 7 7 c  

7 3 6 h  4 9 . 0  1 3 0 3  - -  1 2 3 4  1 2 1 5  1 1 4 9  . . . .  
6 7 2 c  

7 3 8  h 4 9 . 5  1 3 1 0  1 2 7 4  . . . . . . .  
6 8 0 c  

5 1 . 0  1 3 3 8  1 3 2 6  . . . . . . . .  

5 2 . 5  1 3 4 9  . . . . . . . . .  

5 3 . 0  1 3 4 3  . . . . . . . . .  

5 3 . 6  1 3 4 1  . . . . . . . . .  

5 4 . 5  1 3 3 3  . . . . . . . . .  

5 5 . 5  1 3 2 1  1 3 0 5  . . . . . . . . .  

5 6 . 5  1 3 0 9  1 2 9 3  . . . . . . . .  

5 7 . 0  1 3 0 1  1 2 8 4  - -  - -  - -  1 1 2 0  . . . .  

5 7 . 5  1 2 9 1  1 2 7 6  - -  - -  - -  1 1 2 4  . . . .  

6 0 . 5  1 2 6 3  1 2 1 4  - -  - -  - -  1 1 2 2  1 0 6 8  1 0 0 1  - -  - -  

6 1 . 5  1 2 2 8  1 1 7 8  - -  - -  - -  1 1 2 2  1 0 6 7  1 0 0 1  8 5 8  - -  

6 2 . 0  1 2 3 4  . . . .  1 1 2 3  1 0 6 8  1 0 0 1  8 5 8  - -  

6 6 . 0  1 1 5 5  . . . .  1 1 1 9  1 0 6 9  1 0 0 2  8 5 8  - -  

C o m p o s i t i o n  O t h e r  e f f e c t s  

a t %  S e  K 

4 9 . 5  1 2 2 0  1 1 6 5  1 1 4 2  - -  - -  - -  

5 1 . 0  - -  1 2 8 6  - -  - -  - -  6 8 5  

5 2 . 5  - -  1 3 3 2  . . . .  

5 3 . 0  1 3 3 3  . . . .  

5 3 . 6  - -  1 3 1 2  . . . .  

5 4 . 5  1 3 0 6  1 2 7 1  - -  7 8 1  - -  - -  

5 5 . 5  - -  1 2 0 9  - -  8 8 6  - -  - -  

5 6 . 5  1 2 5 8  1 1 4 5  - -  9 4 5  - -  - -  

5 7 . 0  1 2 5 0  - -  1 1 1 3  9 6 9  9 4 6  - -  

5 7 . 5  1 2 4 8  - -  1 1 0 4  9 8 6  9 7 9  - -  

6 0 . 5  1 1 7 1  . . . . .  

6 1 . 5  1 1 3 6  . . . . .  
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Table 2. Phase boundaries from isopiestic experiments 

Composition Temperature of the tieline Composition 
a,t~ Se K a t ~  Se 

54.70 y'/(y' + y) 808 56.70 (y' + y)/y 
54.90 y'/(y' + y) 833 56.70 (y' + y)/y 
55.20 y'/(y' + y) 868 56.80 (y' + y)/y 
55.35 y'/(y' + y) 879 56.80 (y' + y)/y 
55.75 y'/(y' + T) 907 56.90 (u + y)/y 
55.25 y'/(~/+ y) 934 57.00 (y' + Y)/T 
56.50 y'/(y' + y) 945 57.00 (y' + y)/y 

57.60 y/(y + ~) 700 (66)* (y + ~)/~ 
58.00 y/(y + ~) 735 (66)* (y + ~)/~ 
58.25 y/(y + ~) 753 (66)* (y + ~)/r 
58.45 y/(y + ~) 764 (66)* (y + ~)/~ 
58.90 Y/(T + ~) 783 (66) * (y + ~)I~ 
59.75 ~/(u + ~) 816 (66)* (y + c)/~ 
59.80 y/(~ + ~) 817 (66)* (y + ~)/~ 

* Not in equilibrium (comp. text). 

the  hexagona l  phase  could be identif ied in X - r a y  pa t t e rn s  of  samples  up 
to  anneal ing t e m p e r a t u r e s  of  1,123 K,  an obse rva t ion  also repor ted  b y  
o ther  au thors  15, ls. I t  can therefore  be a s sumed  t h a t  in samples  wi th  less 
t h a n  51 at~o Se the  t e t r agona l  phase  is fo rmed  dur ing quenching.  Since 
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in the range from 20 to 49.5at~/oSe DTA-measurements  showed 
depending on the heating rate  strong supercooling and superheating 
effects, resp., the tempera ture  for the peritectoid decomposition of 
tetragonal  }-FeSe into hexagonal 8-Fel_xSe and ~-Fe was taken from 
the work of GrOnvold 14 as 730 K. Below 730 K pure te tragonal  }-FeSe 
with PbO-structure  was found between 49.0 and 49.4 at~/o Se. Due to 
the small range of homogeneity no measurable change of the lat- 
tice parameters  could be observed. ~-FeSe has the space group 
P4/nmm--DXh and the lattice constants a = 3.775 and c = 5..527 A, in 
good agreement wi th  the data  from literature n, 14,15 given in Tab. 3. 

The NiAs-related structures have an extended range of homo- 
geneity in this system. H6gg and Kinds tr6m 11 observed tha t  the iron- 
rich hexagonal cell undergoes a monoelinie distortion at ~ 53 a t ~  Se; 
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Fig. 4. Lattice parameters of the NiAs-related phases (samples quenched from 
825K; orthohexagonal orientation for the ~-phase). a a-axis, b b-axis, c c-axis 
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from 53.7 to 60.4 a t ~  Se the c-axis of the monolinic lattice changes from 
5.809 to 5.460 A. Other authors20, 21 reported at 57 .1a t~  Se for the c- 
axis double the value, i.e. 11.17 and 11.195A, resp. In the present 
investigation X-ray analysis of samples quenched from 653 K gave a 
range of homogeneity for the hexagonal S-Fel zSe-phase from 51.5 to 
53.5 at~o Se. In these samples the hexagonal 3 c-superstructure of the 
basic NiAs-lattice which has been already described by Olcazalci and 
Hiralcawa 2o could also be identified. Reflexes calculated by means of 
the orthohexagonal orientation could be unambiguously indexed up to 
diffraction angles of ~ 30 ~ and gave the lattice constants A = 
~ B =  1 2 . 5 ~ , B = 2 a = 7 , 2 3 / ~  a n d C = 3 c =  17.6 ~, in good agree- 
ment with the literature 20. From 54 a t ~  Se on the splitting of lines due 
to the monoclinic distortion could be observed. For  the distorted lattice 
only the simple c-axis with c' = 5.78 A was obtained. 

Evaluat ion of the isopiestic experiments 41 in the range of the NiAs- 
related structures between 808 and 945 K pointed to the existence of a 
two-phase region. Since according to the phase diagrams of K u l l e r u d  17 

and Svendsen  2v the NiAs-related phase has its maximum stability range 
between 773 and 873 K, all further X-ray analyses were carried out with 
samples annealed at 823 K. Between 51.5 and 54.3 a t ~  Se the existence 
of hexagonal NiAs-related S-Fel xSe could be confirmed. In this range 
the lattice parameters decrease with increasing Se-content : the a-axis 
from 3.635 to 3.619 A, the c-axis from 5.881 to 5.864 A. The change of the 
lattice parameters with concentration is shown in Fig. 4. Tab. 3 gives a 
comparison of the present results with those published in the litera- 
turell ,  14,10. The Se-rieh boundary of the ~-phase could be delineated in 
this concentration and temperature range only by X-ray analysis ; it is 
shown in Fig. 2 and in Fig. 3 as a dashed line. Transformation between 
the 8- and the y'-phase is presumably x-type. In the narrow con- 
centration range between 54.3 and 54.6at~oSe the X-ray patterns could 
be indexed assuming a monoclinieally distorted structure with a simple 

c-axis c', since the weak reflexes [e.g. (107), (211), (217), etc.] indicative 
of a doubling of the c-axis were missing. The lattice parameters of the 
monoclinic y'-phase also decrease with increasing Se-content: the 
a'-axis from 6.269 to 6.24a/~, the b'-axis from 3.619 to 3.573~, and the 
c'-axis from 5.864 to 5.76s~; the angle ~' was found to be 91 ~ 

Adjoining the y'-phase a two-phase field exists between 54.6 and 
56.4 at~o Se with two very similar monoelinic lattices : the y'-phase with 
a simple c'-axis and the y-phase with roughly a double c-axis. Evalua- 
tion of th6 X-ray patterns of samples with ~ 55.7 at~o Se showed for the 
y'-phase the characteristic (004)-line with an intensity comparable to 
tha t  of the (008)-reflex of the y-phase. Also for the strong reflexes 
(513) (516), (133)-(136), (7~22)-(~24), and so on, double instead of simple 
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lines could be registered. In  addition X- ray  films of samples with 54.8 to 
56.2 a t ~  Se contained the weak reflexes caused by doubling of the c-axis. 

The (004)-line of the y '-phase and the (008)-line of the y-phase did 
not change position with increasing Se content. The (h00) and (hk0) 
reflexes like (600) and (330), present  as broad interference bands, did 
not split in separate  lines in Debye-Scherrer cameras with small 
diameter  (57.29 mm) but  showed only a shift of the max imum intensi ty 
within the interference band from smaller to larger O-values with 
increasing Se concentration. Therefore X- ray  pat terns  of long-time 
annealed samples were made with Debye-Scherrer cameras with double 
diameter  (114.58 mm). The broad interference bands split in two closely 
spaced lines which did not  change position within the two-phase region. 
The lattice parameters  of y' and u in this region are as follows : 

y': a ' =  6.24~ A, b ' =  3.573A, c' = 5.76s A, 
y: a = 6.19sA, b = 3.540~, c = 11.285~; ~' = ~ = 91.50 ~ . 

All (hkl)-reflexes could be calculated with these parameters .  The 
iron-rich and the selenium-rich boundaries of the (y '+  y)-two-phase 
field were taken from isopiestic equilibration studies al and are listed in 
Tab. 2. At 653 K this two-phase field extends from 54.6 to 56.4 at~o Se, 
and it becomes very small at  973 K. Jus t  below 973 K two overlapping 
DTA-peaks  could be registered on alloys with 57.0 and 5 7 . 5 a t ~ S e  
which can be interpreted as the Fe- and the Se-rich boundary  of the 
two-phase field. The Fe-rich boundary  was confirmed by  magnetic 
measurements  9, and the k-transition at 57.1 a t ~  Se and 977 K measured 
by GrCnvold 14 was also on the Fe-rich side of the two-phase field. Since 
both the magnetic measurements  9 and the isopiestic studies 41 were 
indicative of a two-phase region in this par t  of the system, the 
concentration range between y' and y has been marked as such in Figs. 2 
and 3. 

Between 56.4 and 58.5 at~o Se X- ray  analysis of samples annealed at  
823 K showed only the monoclinic y-phase with lattice parameters  
decreasing with increasing Se-content : the a-axis from 6.19s to 6.140 ~,  
the b-axis from 3.540 to 3.531~, the c-axis from 11.285 to l l . l l s ~ ,  and 
the angle ~ from 92 to 91 ~ These values agree well with the litera- 
ture11,15, 20, 21 and are also listed in Tab. 3 and plotted in Fig. 4. Phase 
boundaries determined from the breaks in the lattice paramete r  curves 
were in acceptable agreement  with those derived from isopiestic 
measurements.  The values obtained by the lat ter  method can be 
considered to be more accurate.  

Heat ing-  and cooling curves from DTA-measurements  of samples 
between 60.5 and 66.0 at~o Se showed a broad peak at  1,001 K, osten- 
sibly caused by  superposition of a strong arrest at  1,001 K and a weak 
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arrest at 1,004 K, the former due to the peritectie decomposition of y, 
the lat ter  caused by the ~-transformation of y' into 8. The tempera ture  
of 1,001 K agrees well with the values reported by other authors 14, 17, 27 : 
GrCnvold 14 in his heat  capaci ty measurements  of FeaSe4 (57.1 atYo Se) 
found a rather  broad X-type transit ion with a max imum at 977K 
extending towards 1,000K which he ascribed to the transition of 
monoclinie into hexagonal Fe3Se4; Svendsen  a7 obtained for this 
X-transition a tempera ture  of 998 K, and K u t l e r u d  ~7 reported 1,000 K 
for the incongruent melting point of FesSe4. 

At 66.6atYoSe the orthorhombic s-phase FeSe2 with marcasite 
structure was verified with the lattice constants a = 4.799i ,  b = 
5.77s i ,  and c = 3.582 A, in good agreement  with l i terature is, 15, 29, 31,32 
(Tab. 3). The same lattice parameters  for z were found in the two phase 
field (u + ~) between 58.5 and 66.0 atyo Se. Several specimens of iso- 
piestic experiments with compositions in this region were obviously not 
in equilibrium. X- ray  analysis of the wire specimens revealed a surface 
layer of FeSe2 and a core of monoclinic y. A dense non-porous layer of 
FeSee apparent ly  retarded diffusion of selenium into the interior of the 
specimens so tha t  pure FeSe2 was not  obtained. The periteetic de- 
composition tempera ture  of s of 858 K is in good accord with other 
published values 16,17, 27,2s, 33-35 

The results above 973 K are mainly based on DTA-measurements .  
For  selenium-rich alloys agreement  with literature17,e7, es was quite 
satisfactory, on the iron-rich side and in the range of NiAs-related struc- 
tures, hov~ever, observations of other authors could only be partially 
confirmed. Arrests at  1,145 K on the iron-rich side and at 1,108 K on the 
selenium-rich side of the 8-phase found by K u l l e r u d  17 were also 
observed at 1149 and 1,122 K, resp. According to K u l l e r u d  17 the arrest  
at  1,108 K is due to the eutectoid decomposition of a high- temperature  
modification of the Fel_xSe-phase into the 8-phase and a selenium-rich 
melt, and tha t  a t  1,145 K due to the periteetoid decomposition of 8 into 
the high-temperature  modification and iron (Fig. la) ;  between these 
two temperatures  in the range from 50 to 56 a t ~  Se should extend the 
two-phase field of the 8-phase and its high-temperature  modification. 
In  spite of numerous a t temps  DTA-measurements  failed to give any 
sign of a two-phase field in this t empera ture  and concentration range. 
The DTA-effects in the range of the NiAs-related structures could be 
best explained by a m ax i m um  in the t ransformat ion tempera ture  of the 
8-phase into its high-temperature  modification 8' of unknown structure 
at  52.8 atYo Se and 1,338 K. The m ax i m um  melting point of the 8' phase 
was fixed at 52.0atYo Se and 1,351K. Both max ima  were obtained by 
extrapolat ion of the corresponding curves. 

On the iron-rich side of the phase diagram the euteetie between iron 
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and the 8'-phase a t  1,215K and 5.5atYoSe and the monotectic at  
1,234 K and 46.5 a t ~  Se with the miscibility gap (L1 + L2) extending to 
6.5 a t ~  Se are in accord with the phase diagram of Kullerud 17. Dutrizac 

et al. us reported the monotectic t empera ture  at  ~ 1,800K. The trans- 
formation of ~-Fe ~ , / - F e  which for pure iron should occur a t  1,184 Ka2 
could not  be found thermoanalytical]y.  On the selenium-rich side the 
various results published by  Kullerud 17, Dutrizac etal .  2s, and 
Svendsen 27 could be confirmed by  DTA-measurements .  In  addition to 
the peritectic decomposition of the z-phase at  858K, the peritectic 
decomposition of the y-phase at  1,00l K, and the ~-transformation of y' 
into 8 at  1,004K which have been already mentioned above, the 
monotectic t empera ture  at  1,068 K with the miscibility gap (/)3 +/34) 
extending from 71.5 to ~ 9 8 a t ~ S e  could be observed by  thermo- 
analytic measurements  on samples in the range between 60.5 and 
66.0 atYo Se. 
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